The authors conducted a genome-wide linkage scan and positional association analysis to identify the genetic determinants of salt sensitivity of blood pressure (BP) in a large family-based, dietary-feeding study. The dietary intervention was conducted among 1,906 participants in rural China (2003China ( -2005. A 7-day low-sodium intervention was followed by a 7-day high-sodium intervention. Salt sensitivity was defined as BP responses to low-and high-sodium interventions. Signals of the logarithm of the odds to the base 10 (LOD ≥ 3) were detected at 33-42 centimorgans of chromosome 2 (2p24.3-2p24.1), with a maximum LOD score of 3.33 for diastolic blood pressure responses to high-sodium intervention. LOD scores were 2.35-2.91 for mean arterial pressure (MAP) and 0.80-1.49 for systolic blood pressure responses in this region, respectively. Correcting for multiple tests, single nucleotide polymorphism (SNP) rs11674786 (2.7 kilobases upstream of the family with sequence similarity 84, member A, gene (FAM84A)) in the linkage region was significantly associated with diastolic blood pressure (P = 0.0007) and MAP responses (P = 0.0007), and SNP rs16983422 (2.8 kilobases upstream of the visinin-like 1 gene (VSNL1)) was marginally associated with diastolic blood pressure (P = 0.005) and MAP responses (P = 0.005). An additive interaction between SNPs rs11674786 and rs16983422 was observed, with P = 7.00 × 10 −5 and P = 7.23 × 10 −5 for diastolic blood pressure and MAP responses, respectively. The authors concluded that genetic region 2p24.3-2p24.1 might harbor functional variants for the salt sensitivity of BP. allelic association; blood pressure; genetic linkage; salt sensitivity Abbreviations: BP, blood pressure; cM, centimorgan; DBP, diastolic blood pressure; GenSalt, Genetic Epidemiology Network of Salt Sensitivity; LOD, logarithm of the odds; MAP, mean arterial pressure; SBP, systolic blood pressure; SD, standard deviation; SNP, single nucleotide polymorphism.
Epidemiologic studies and randomized clinical trials have documented that dietary sodium reduction lowers blood pressure (BP) in both hypertensive and normotensive persons (1) . In addition, experimental studies in human subjects and animal models have shown that high dietary sodium intake increases BP (2, 3) . It is also well known that BP responses to dietary sodium intake vary among individuals (4) (5) (6) . Age, gender, ethnicity, and environmental and genetic factors may all play a role in determining an individual's salt sensitivity of BP (4, 5) . Salt sensitivity is inheritable, as suggested by different family studies (7) (8) (9) , indicating that genetic factors contribute to salt sensitivity. The Genetic Epidemiology Network of Salt Sensitivity (GenSalt) Study (10) , which we conducted in a Chinese population, has shown that heritabilities of BP responses were 0.24, 0.34, and 0.27 during low-sodium intervention and 0.27, 0.42, and 0.35 during high-sodium intervention for systolic blood pressure (SBP), diastolic blood pressure (DBP), and mean arterial pressure (MAP), respectively. However, the genetic etiology underlying salt sensitivity is not yet clear (10) .
Understanding the genetic determinants of BP response to sodium intake has important public health significance. The identification of genetic variants that contribute to salt sensitivity of BP could help identify people with a genetic predisposition to salt-sensitive hypertension for early intervention. It will also assist in the development of new antihypertensive medications targeting biologic pathways related to sodium metabolites. The objective of the current study is to identify genetic variants underlying salt sensitivity of BP in a homogeneous Chinese population. We conducted a genome-wide linkage scan to identify linkage regions that may harbor potential susceptibility genes for salt sensitivity. In the follow-up analysis, we examined the association of tag single nucleotide polymorphisms (SNPs) in the linkage regions with BP responses to sodium intervention.
MATERIALS AND METHODS

Study participants
The GenSalt Study was conducted in rural areas of north China, where people have habitually high dietary sodium intake, from October 2003 to July 2005. A communitybased BP screening was conducted among persons aged 18-60 years in study villages to identify potential probands for the study. Those with average SBP between 130 and 160 mm Hg and/or DBP between 85 and 100 mm Hg had a second BP screening visit 1 day later to confirm their eligibility. The detailed eligibility criteria for the probands and siblings/offspring are presented elsewhere (11) . Individuals who had stage-2 hypertension, secondary hypertension, use of antihypertensive medications, history of clinical cardiovascular disease, diabetes, or chronic kidney disease, pregnancy, or heavy alcohol use were excluded from the GenSalt Study for safety purposes. After probands and their siblings were confirmed for eligibility, they were invited to participate in the study and signed an informed consent form. Both 2-generation ( proband, siblings, and their parents) and 3-generation ( proband, siblings, their parents, and proband's spouse and offspring) families were recruited for the study. Only probands, siblings, offspring, and spouses of probands from 3-generation families participated in the dietary sodium intervention. Of the 1,906 eligible participants, 1,860 participants (97.6%) from 624 families completed low-and high-sodium intervention.
Institutional review boards at all of the participating institutions approved the GenSalt Study. Written, informed consents for the baseline observation and for the intervention program were obtained from each participant.
Low-and high-sodium intervention
The dietary sodium intervention included low-sodium and high-sodium feeding among probands and their siblings and offspring. In the first 3 days at the baseline observation, the study participants consumed their usual diet. The dietary feeding study started on day 4. The intervention participants received a 7-day low-sodium diet (3 g of sodium chloride or 51.3 mmol of sodium per day) followed by a 7-day high-sodium diet (18 g of sodium chloride or 307.8 mmol of sodium per day). During the period of sodium intervention, dietary potassium intake remained unchanged. Total energy intake was varied according to each participant's baseline energy intake. All study foods were cooked without salt, and prepackaged salt was added to the individual study participant's meal when it was served by the study staff. To ensure study participants' compliance to the intervention program, they were required to have their breakfast, lunch, and dinner at the study kitchen under supervision of the study staff during the entire study period. Food consumption of study participants was carefully recorded at each meal by study staff members. The study participants were instructed to avoid consuming any foods that were not provided by the study. In addition, 3 timed urinary specimens were collected at baseline and in each phase of intervention to monitor participants' compliance to dietary sodium intake. The results from 24-hour urinary excretion of sodium at the baseline examination and during each of the dietary intervention phases showed excellent compliance. For example, the mean 24-hour urinary excretions of sodium and potassium were 242.4 (standard deviation (SD), 66.7) mmol and 36.9 (SD, 9.6) mmol at baseline, 47.5 (SD, 16.0) mmol and 31.4 (SD, 7.7) mmol during the low-sodium intervention, and 244.3 (SD, 37.7) mmol and 35.7 (SD, 7.5) mmol during the high-sodium intervention, respectively. Baseline 24-hour urinary sodium excretions were not significantly different from those of the high-sodium intervention phase, suggesting that sodium intake during the high-sodium diet was similar to the habitual sodium intake of this population.
Phenotype measurement
A standard questionnaire was administered by a trained staff member at the baseline examination to collect information on family structure, demographic characteristics, personal and family medical history, and lifestyle risk factors. Three BP measurements were obtained at each clinic visit by trained and certified observers according to a common protocol adapted from procedures recommended by the American Heart Association (12) . BP was measured with the participant in the sitting position after 5 minutes of rest. In addition, participants were advised to avoid alcohol, cigarette smoking, coffee/tea, and exercise for at least 30 minutes prior to their BP measurement. A random-zero sphygmomanometer was used, and 1 of 4 cuff sizes ( pediatric, regular adult, large, or thigh) was chosen on the basis of the circumference of the participant's arm. BP was measured each morning of the 3-day baseline observation and on days 2, 5, 6, and 7 of each intervention period by the same BP technician using the same sphygmomanometer to avoid interobservation variation. All BP observers were blinded to the dietary intervention. offspring) and used for genotyping microsatellite markers spaced at approximately 9-centimorgan (cM) intervals (407 markers of Weber Lab Screening Set 12; Marshfield Center, Marshfield, Wisconsin). Microsatellite genotyping used fluorescently labeled polymerase chain reaction primers for marker amplification followed by capillary electrophoresis on automated DNA sequencers (ABI 3730xl DNA Analyzer; Applied Biosystems, Carlsbad, California). Quality control samples included blind duplicates, no DNA controls, and Centre d'Etudes du Polymorphisme Humain (CEPH) DNA standards (mother, father, offspring with known genotypes). Genotypes were assigned by using GeneMapper software (Applied Biosystems). Graphical representation of relation (GRR) and affected sib-pair exclusion (ASPEX) mapping were used to check for potential misreported relations in the GenSalt family pedigrees (13, 14) . MapMaker/ Sibs and PedCheck were used to check for Mendelian inconsistencies within families for each marker (15, 16) . After quality control, 359 markers were used for analysis.
SNPs located within identified linkage regions (LOD ≥ 3.0) were genotyped as part of the SNP Array 6.0 platform (Affymetrix, Inc., Cleveland, Ohio), which should provide excellent coverage of all common genetic variation. On the basis of human haplotype map data of Han Chinese in Beijing (17), these SNPs were analyzed to select tag SNPs by using Haploview (18) software and the following criteria: 1) minor allele frequency ≥0.01; 2) P value of a HardyWeinberg equilibrium test ≥0.01; and 3) pairwise correlation coefficient ≤0.1. The positions and corresponding genes of tag SNPs were identified by the National Center for Biotechnology Information map viewer (www.ncbi.nlm.nih.gov/ mapview/) and Affymetrix annotation data.
Statistical analyses
BP levels at baseline and during intervention were calculated as the average of 9 measurements from 3 clinic visits during the 3-day baseline observation or on days 5, 6, and 7 of each intervention period. Mean arterial pressure (MAP) was calculated as DBP + (SBP − DBP)/3. The BP responses to low-sodium intervention were calculated as BP in the low-sodium intervention minus BP at baseline, and BP responses to high-sodium intervention were calculated as BP in the high-sodium intervention minus BP in the low-sodium intervention. BP responses were used to define salt sensitivity for linkage and association tests.
The BP responses were adjusted for the effects of age and BP examination room temperature separately within sex-generation-field center groups. In brief, each phenotype was regressed on the covariates in a stepwise manner, and only significant terms (P < 0.05) were retained. The residual variance was also examined (i.e., heteroscedasticity) by regressing the squared residual from the first regression on the same covariates (stepwise) and retaining significant terms. The final adjusted phenotype was computed as the residual from the first regression, divided by the square root of the predicted score from the second regression. A final standardization step was taken to ensure a mean of 0 and a standard deviation of 1. These adjusted and standardized scores were used as the analysis phenotypes.
Multipoint genome-wide linkage analyses of salt sensitivity BP were conducted by using SOLAR software (19) . The resolution for a multipoint linkage scan is set as 1 cM. The linkage region is defined as 0.5 cM up-and downstream of the tested locus that has LOD ≥3.0. The association of every tag SNP in linkage regions (LOD ≥3.0) with saltsensitivity BP was examined by using the lme4 package of R (version 2.10.1; http://www.r-project.org) and SAS (version 9.1; SAS Institute, Inc., Cary, North Carolina) statistical software using a mixed linear regression model. A sandwich estimator was used to account for the nonindependence of family members. This method assumes the same degree of dependency among family members. Age, gender, BP measurement, room temperature, and study site were adjusted in multivariable analyses. The Bonferroni method was used to adjust for multiple tests. For significant or marginally significant SNPs, additive effects were examined by comparing the statistical model including all SNPs with that without SNPs. Nonadditive interactions were examined by comparing the statistical model including an interaction term with that without the term. Hardy-Weinberg equilibrium was examined by Fisher's exact test (20) .
RESULTS
The baseline characteristics of 3,142 participants, including 676 probands, 69 spouses, 1,236 parents, 956 siblings, and 205 offspring from 625 families, are presented in Table 1 . The baseline SBP ranged from 107 mm Hg among offspring to 137 mm Hg among parents, the DBP ranged from 65 mm Hg among offspring to 80 mm Hg among probands, and the MAP ranged from 79 mm Hg among offspring to 96 mm Hg among probands. Among the 1,860 participating probands, spouses, siblings, and offspring who completed the entire low-and high-sodium interventions, the average SBP, DBP, and MAP decreased during low-sodium intervention (SBP: −2.3 to −8.0 mm Hg; DBP: −1.7 to −4.2 mm Hg; and MAP: −1.9 to −5.5 mm Hg) and increased during high-sodium intervention (SBP: 10.1 to 13.4 mm Hg; DBP: 8.7 to 9.5 mm Hg; and MAP: 8.3 to 10.4 mm Hg). The effects of low-and high-sodium intake on BP were also observed in whites and blacks (21) that showed increased BP (SBP: 6.7 mm Hg; DBP: 3.5 mm Hg) comparing high-sodium intake with low-sodium intake and decreased BP (SBP: 4.6 mm Hg; DBP: 2.4 mm Hg) comparing low-sodium intake with intermediate-sodium intake.
Genome-wide linkage results for BP responses to the low-sodium and high-sodium interventions are illustrated in Figure 1 , A and B, respectively. We observed significant linkage (LOD score = 3.08-3.33) for DBP responses (ΔDBP) to the high-sodium intervention to chromosomal region 2p24.3-2p24.1. We also observed suggestive linkage (LOD score = 2.35-2.91) for MAP responses to this chromosomal region (ΔMAP). The linkage scan of the SBP response (ΔSBP) has a LOD score of 0.80-1.49. There is no significant linkage region identified for BP responses to the low-sodium intervention.
Twenty-two tag SNPs in the significant linkage region were selected for testing the association with BP responses to the high-sodium intervention. Table 2 shows the characteristics of selected tag SNPs including alleles, minor allele frequency, physical position in base pairs, and the P value of a Hardy-Weinberg equilibrium Fisher's exact test. The linkage disequilibrium, measured as r 2 ≤ 0.16, is presented in Web Figure 1 , which appears on the Journal's Web site (http://aje.oxfordjournals.org/) along with Web Figure 2 and Web Table 1 . For each tag SNP, its LOD score in the linkage region and −log 10 (P value) of association were shown in Figure 2 ) responses (Figure 4) , and nonadditive interaction effects were not significant for DBP (P = 0.58) or MAP (P = 0.72) responses during high-sodium intervention.
DISCUSSION
In this study, we identified a linkage region on chromosome 2 for salt sensitivity of BP and observed susceptibility genetic variants significantly associated with BP responses to high-sodium intervention in the linkage region. Genomewide linkage scans in a rat model (22) and candidate linkage scans in humans (23, 24) have been reported in the past decades related to BP responses to sodium intake. However, this study is the first to conduct genome-wide linkage scans in humans and to identify genomic regions by using a family-based, dietary-feeding study. We also conducted follow-up association analyses of tag SNPs to identify susceptibility genetic variants in the linkage region.
Our study was performed in a rural Han Chinese population with similar lifestyles and other environmental risk factors, including diet and physical activity (11) . Thus, confounding due to these exposures should be minimized. Participation in the dietary interventions was high (97.6%). To ensure study participants' compliance to the low-sodium and high-sodium interventions, consumption of food with prepackaged salt was supervised and recorded at each meal with dietary potassium intake unchanged. The controlled food consumption will minimize the confounding effects of dietary intakes during the sodium intervention study. Furthermore, bias due to population stratification is unlikely, because the study is conducted in a homogenous Chinese Han population. Compliance with dietary low-and highsodium intervention assessed by urinary 24-hour excretion was excellent in our study. Stringent quality control during the intervention, data collection, genotyping, and statistical analyses all served to reduce type I error and improve power.
Our genome-wide linkage scan observed a significant linkage region at 33-42 cM on chromosome 2 Abbreviations: GenSalt, Genetic Epidemiology Network of Salt Sensitivity; HWE, Hardy-Weinberg equilibrium; MAF, minor allele frequency; SNP, single nucleotide polymorphism.
a DDX1, DEAD (Asp-Glu-Ala-Asp) box helicase 1 gene; FAM84A, family with sequence similarity 84, member A, gene; NAG, neuroblastoma amplified sequence gene; NT5C1B, 5'-nucleotidase, cytosolic IB gene; OSR1, odd-skipped related 1 gene; RDH14, retinol dehydrogenase 14 gene; VSNL1, visinin-like 1 gene.
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Am J Epidemiol. 2012;176(Suppl):S81-S90 (2p24.3-2p24.1) for DBP responses to the high-sodium intervention. This region also observed suggestive linkage for MAP responses to high-sodium intervention (LOD > 2.0). Genome-wide linkage scans for salt sensitivity have not been conducted in human subjects previously. Our findings, however, are consistent with genomic regions identified in linkage scans for regular BP (25) (26) (27) (28) (29) (30) (31) (32) , which are close to or overlap with linkage regions in our study. This suggests that genetic determinants underlying salt sensitivity of BP and regular BP might share the same genes.
In the follow-up association study of linkage region, we found that SNP rs11674786, upstream from a gene encoding FAM84A, was strongly associated with DBP and MAP responses to the high-sodium intervention. The function of FAM84A has not been widely studied yet. Previous research indicated that expression of FAM84A was associated with morphology of cells, and up-regulation of FAM84A may be involved with progression of colon cancer (33) . Our study suggests that regulation of the region upstream from FAM84A may be related to salt sensitivity of BP. The second SNP rs16983422, upstream from VSNL1 (Online Mendelian Inheritance in Man (OMIM) identifier (ID) 600817), has a marginally significant association with DBP and MAP responses to a high-sodium intervention. VSNL1 is highly expressed in the brain and associates with membranes in a calcium-dependent manner by regulating the activity of adenylyl cyclase (EntrezGene ID 7447). The family of neuronal calcium sensor proteins can modulate a variety of pathophysiologic processes including cancer (34) , hypertension (35) , and insulin secretion (36) . Implication of VSNL1 in these processes could be attributable to its regulation of the natriuretic peptide system (37). Our study added novel information that VSNL1 may be involved in regulation of salt sensitivity of BP. However, rs11674786 is 2.7 kilobases upstream of FAM84A, and rs16983422 is 2.8 kilobases upstream of VSNL1. These distances may also possibly suggest that causative variants are out of gene regions, and that these significant intergenic SNPs lie in regulatory sequences. The function of these regions and potential regulations on FAM84A and VSNL1 are worth future investigations.
Our study identified strongly significant association of rs11674786 and marginally significant association of rs16983422 with BP responses during the high-sodium intervention. The joint test of both SNPs had a much more significant P value than separate tests of single SNPs, indicating strong additive effects between them. These findings suggest that the salt sensitivity of BP could involve multiple variants, and that each variant contributes additively to BP responses. In addition, these findings suggest that a strong linkage signal in a chromosomal region can be the result of multiple variants, each with modest effect.
We conducted association tests in the significant linkage region for BP responses to dietary intervention, which has the advantages of identifying genetic variants with the evidence of both cosegregation and linkage disequilibrium with causal genetic variants. For SNPs rs11674786 and rs16983422, which were associated with DBP and MAP responses to high-sodium intervention (P ≤ 0.005), the family-based association test (38, 39) jointly detects the presence of both linkage and association as evidenced by the similar significant results (not shown). After adjustment for either rs11674786 or rs16983422 as a covariate in the linkage test, the linkage peak at 33-42 cM of chromosome 2 (2p24.3-2p24.1) presented decreased signals for both (Web Figure 2) . The results indicate that the linkage signals were partially attributed to SNPs rs11674786 and rs16983422.
This study would have important clinical and public health implications. All participants lived in the rural area of northern China with a conventional high-salt diet. The dissection of the underlying risk genes for BP responses to dietary salt intake will contribute to the understanding of cardiovascular disease development. The findings could contribute to identifying individuals at high risk for developing hypertension and cardiovascular diseases and will enable the discovery of a new preventive strategy for people living in areas of conventional high dietary-salt intake.
However, this study has 2 potential limitations. First, the linkage scan may not be able to detect chromosomal regions that incubate variants with only modest effect (40) . Therefore, the follow-up association analysis will fail to identify variants in these missed genomic regions. Additionally, we did not investigate rare variants for salt sensitivity of BP. Rare variants are considered to be more enriched in the functional region and exhibit stronger effect sizes (39) . The linkage region at chromosome 2 contains 50 genes on either the forward (+) or backward (−) strand (Web Table 1 ). The functions for most of these genes are not known yet. The linkage and the follow-up association studies suggest potential effects from functional rare variants of one or several genes in this region. In the next step, we expect to perform deep resequencing of these candidate genes to identify functional rare variants that influence the salt sensitivity of BP.
In summary, the current study identified chromosomal region 2p24.3-2p24.1 linkage to BP responses to a highsodium intervention. Furthermore, variants near FAM84A and VSNL1 in the linkage region are associated with BP responses to sodium intervention. The findings are supported by evidence from both linkage and association analyses. Although this study was performed on a Chinese population, the findings can be used to instruct the study of gene functions on different populations. This study provides new evidence of genetic factors that might be partially responsible for BP responses to dietary sodium intake. Replication studies of candidate genes from independent samples of different populations should be conducted to further validate the findings. In addition, experimental studies are warranted to explore the effect of functional variants in FAM84A, VSNL1, and other genes in this genetic region on the salt sensitivity of BP.
